Controlling the number of its centrioles is vital for the cell, as supernumerary centrioles cause multipolar mitosis and genomic instability 1,2 . Normally, one daughter centriole forms on each mature (mother) centriole 3,4 ; however, a mother centriole can produce multiple daughters within a single cell cycle 5,6 . The mechanisms that prevent centriole 'overduplication' are poorly understood. Here we use laser microsurgery to test the hypothesis that attachment of the daughter centriole to the wall of the mother inhibits formation of additional daughters 7,8 . We show that physical removal of the daughter induces reduplication of the mother in S-phasearrested cells. Under conditions when multiple daughters form simultaneously on a single mother, all of these daughters must be removed to induce reduplication. The number of daughter centrioles that form during reduplication does not always match the number of ablated daughter centrioles. We also find that exaggeration of the pericentriolar material (PCM) by overexpression of the PCM protein pericentrin 9 in S-phasearrested CHO cells induces formation of numerous daughter centrioles. We propose that that the size of the PCM cloud associated with the mother centriole restricts the number of daughters that can form simultaneously.
A typical centrosome in an animal cell consists of two microtubulebased cylindrical structures, termed centrioles, which are surrounded by a cloud of pericentriolar material (PCM). Most of the components responsible for the major centrosomal functions, for example, the γ-tubulin ring complex, reside in the PCM. However, in the absence of centrioles, the PCM cloud becomes structurally unstable and eventually disperses 10 . Thus, the number of centrioles ultimately defines the number of centrosomes in the cell.
Normally, in somatic cells new ('daughter') centrioles form in association with mature ('mother') centrioles. This process, known as 'centriole duplication' , is initiated when cells enter the synthesis or S phase of the cell cycle, and the daughter centriole remains associated with its mother in a strictly orthogonal configuration (that is, 'diplosome'), until the second half of the ensuing mitosis [11] [12] [13] . Recent work suggests that as long as the daughter remains attached to the mother, formation of additional daughters is not possible 7, 8 . A key question is how the cell ensures that a mother centriole produces only one daughter in a given cell cycle. It has been postulated that the mother centriole contains a site ('template') on which formation of the daughter centriole is initiated when cytoplasmic conditions become favourable 14 . Alternatively, centrioles have been viewed as a 'solid-state assembly platform' , which imposes steric constraints, thus regulating the number of daughter centrioles that can assemble in their vicinity 6 . Multiple daughters can form simultaneously on the same mother when certain centriolar proteins are overexpressed 4, 15, 16 . We sought to determine whether physical ablation of one centriole in the diplosome with a laser beam would induce reduplication of the remaining centriole in HeLa cells. We used a centrin-GFP (green fluorescent protein) fusion protein 17 as a reliable centriolar marker, which allowed us to detect the earliest stages of centriole duplication in live cells (Supplementary Information, Figs S1, S2). Further, HeLa cells possess a stringent mechanism by which centriole reduplication during S-phasearrest is prevented ( Supplementary Information, Fig. S3 ).
When a daughter centriole within a diplosome was ablated, the remaining mother consistently (20 out of 20 experiments) developed a new daughter ( Fig. 1a; Supplementary Information, Fig. S4 ). The interval between ablation of the original daughter and formation of the new one was variable (1-6 h (see Methods), mean ± s. d. = 2.8 ± 1.5 h, Fig. 1 ). Same-cell LM-EM analyses revealed that new daughters were morphologically normal. When cells were fixed for EM analysis at the early stages of centriole reduplication, the younger daughter centriole that formed on the reduplicating mother was significantly smaller than the older daughter in the non-irradiated diplosome ( Fig. 1b ; n = 3). At later stages, the sizes of the younger and older daughters became more similar (n = 3, data not shown). It is noteworthy that even in control diplosomes, daughter centrioles were consistently shorter than their mothers (< 300 nm versus ~450 nm) in all examined cells fixed 10-40 h after addition of hydroxyurea ( Supplementary Information, Fig. S1 ).
l e t t e r s
We also succeeded in repeatedly ablating daughter centrioles that reformed on the same mother twice ( Fig. 1c ; n = 2) and even three times (data not shown, n = 1). Thus, a single mother centriole is capable of repeatedly duplicating at least four times in the same cell cycle. However, continuous association of the daughter centriole with its mother prevented the mother centriole from reduplicating. Notice that the centrioles in the nonirradiated diplosome remained engaged throughout the experiment. EM analysis confirmed that the shadow seen in 20:43 was in fact a daughter centriole. (d) A mother centriole in one of the two diplosomes was ablated (arrowhead in 00:00) and the remaining daughter (arrows) did not duplicate. All images in a, c and d are maximal-intensity projections of complete Z-series through the centrosome. Owing to the significant differences in fluorescence intensity between the mature and newly formed centrioles, it was impossible to reproduce the two types simultaneously through use of a linear grey-scale look-up table (LUT). Instead, a pseudo-colour intensity LUT (b, right) has been applied to the images. The first image in each series is also presented in contrast-enhanced grey-scale (non-linear γ factor). Scale bars in a, c and d represent 1 μm. Time stamps in panels a, c and d are in h:min.
When only the mother centriole was ablated, the remaining daughter did not duplicate in HeLa cells (n = 16). In six of these cells the centrin-GFP signal gradually degraded and was undetectable 24 h after ablation. Furthermore, serial-section EM of one cell that contained a centrin spot 26 h after ablation (Fig. 1d ) revealed that this spot did not correspond to a morphologically recognizable centriole (data not shown). Immunofluorescence staining for γ-tubulin demonstrated that daughter centrioles fixed approximately 1 h after ablation of the mother did not contain PCM (3 out of 4 experiments, data not shown). Together, these results suggest that immature daughter centrioles precipitately released from their mother in S-phase-arrested HeLa cells cannot maintain their association with the PCM and ultimately deteriorate.
Several cell lines, including Chinese hamster ovary (CHO) cells, have been shown to escape the reduplication block and to amplify centrioles when arrested in S phase 5 . In these cells, centrioles undergo repetitive cycles of duplication and disengagement ( Supplementary Information,  Fig. S3b) . In approximately 10% of S-phase-arrested CHO cells, 'triplosomes' were formed when reduplicating mother centrioles developed two daughters (Fig. 2) . Triplosomes exhibited several characteristic features that enabled them to be discriminated from random agglomerations of adjacent but independent centrioles. In live cells, the movements of centrioles within triplosomes were coordinated, revealing that the centrioles were interconnected (Supplementary Information, Movie 6). In contrast, movements of adjacent but independent centrioles were not coordinated ( Supplementary Information, Movie 7) . Serial-section EM revealed that centrioles in triplosomes were oriented in a flower-petal configuration (Fig. 2) ; however, the angle between the daughter centrioles varied. Occasionally, more than two daughter centrioles assembled in association with a single mother ( Supplementary Information, Fig. S5 ).
Next, we sought to determine whether removal of a single daughter from the triplosome would result in the formation of a new daughter, or whether removal of both daughters is required to trigger mother-centriole reduplication. First we confirmed that, in CHO cells, ablation of the single daughter centriole within a diplosome induced reduplication of the remaining mother centriole, as observed in HeLa cells ( Fig. 3a; 20 out of 20 cells). In two of these cells, mother centrioles each formed two daughter centrioles during reduplication (Fig. 3b) . This phenomenon and its frequency were consistent with the observation of triplosome formation during reduplication of mother centrioles in non-irradiated CHO cells. In contrast to HeLa cells, daughter centrioles were also able to replicate after ablation of the mother (Fig. 3c) .
Ablation of both daughters in the triplosome induced reduplication of the mother (n = 4). However, in all four cases, only a single daughter centriole developed during reduplication (Fig. 3d) . In contrast, when just one of the two daughter centrioles in a triplosome was ablated, it did not regenerate while the mother and second daughter remained engaged ( Fig. 3e ; n = 6). On natural disengagement, which occurred 15-25 h after the operation, the mother centriole reduplicated in at least two of the six cells. Surprisingly, if just the mother centriole was ablated in a triplosome, the two daughters continued to move in a coordinated fashion ( Supplementary Information, Fig. S6 , Movie 8; n = 8). As there was a large number of centrioles in the CHO cells after 48-72 h in hydroxyurea, it was not possible for us to determine unequivocally whether these pairs of daughter centrioles ultimately disengaged and duplicated. Fig. 1 . The remaining images in each panel depict selected consecutive 80-nm EM sections from the complete series through the cell. Proximal ends of mother centrioles are marked 'p'. In contrast to the behaviour observed in HeLa cells (see Fig. 1b and Supplementary Information, Fig. S1 ), daughter centrioles in S-phase-arrested CHO cells developed to full length (~400 nm). Daughter centrioles are orthogonal to their mothers in both the diplosome (c) and triplosome (d). One daughter in the triplosome (arrow in d) is closer to the proximal end of the mother than is the other daughter (arrowhead in d). Also note that the triplosome in this cell was formed by the oldest mother centriole, which contained the greatest amount of centrin-GFP, and was the only centriole in the cell to carry distal appendages (marked 'da'). Scale bars in c-d represent 0.5 μm.
Thus, when multiple daughters are associated with a single mother, all of these daughters must be removed to trigger mother-centriole reduplication. The number of daughter centrioles formed during reduplication does not necessarily match the number of the original daughter centrioles. This raises a question of what defines the number of daughter centrioles.
In addition to canonical duplication, centrioles can arise de novo in a range of cell types [18] [19] [20] . In this pathway, centrioles form inside a cloud of PCM-like material that contains typical centrosomal proteins such as γ-tubulin and pericentrin 18, 21 , suggesting that PCM clouds can provide a localized environment that supports centriolar assembly. If true, the size of the PCM cloud associated with the mother centriole could limit the number of forming daughters, and exaggeration of the PCM should allow simultaneous formation of numerous daughters. We tested this prediction by overexpressing pericentrin, a major component of the PCM 9 . Centrioles can duplicate in cells depleted of pericentrin 6 , suggesting that, in contrast to other PCM components 22 , pericentrin is not directly involved in centriole assembly.
We found that overexpression of haemagglutinin (HA)-tagged mouse pericentrin at high levels in S-phase-arrested CHO cells induced 
Figure 3
Ablation of all daughter centrioles within a centrosome induces reduplication of the mother in S-phase-arrested CHO cells. (a) In this cell, daughter centrioles in both diplosomes were ablated (arrows in 00:00). Both mother centrioles (arrowheads) remained single for more than 1 h. Then, one of the mothers developed a new daughter (arrow in 02:30), whereas the second mother remained single. Approximately 9 h after ablation, the second mother also developed a new daughter centriole (arrow in 09:00). (b) An example of triplosome formation after ablation of the original daughter centriole. Both daughter centrioles were ablated, as in a. However, one of the mothers in this cell developed two daughter centrioles (arrows in 03:00, 04:30 and 06:30). Formation of the two daughters was not simultaneous. However, at later time points the two daughters seemed to be of the same size (data not shown). The second mother developed a single daughter centriole (arrowhead in 06:30). (c) In this cell, the mother centriole in one of the diplosomes was ablated (arrowhead). Because the daughter and mother centrioles can undergo natural disengagement during the course of >20-h long experiments, which complicates the analysis, the second diplosome was also completely ablated. As a result, the cell was left with just one daughter centriole (arrows). This centriole remained single for more than 11 h but ultimately developed a daughter (arrowhead in 21:00). (d) Both daughters within a triplosome (arrows in 00:00) were ablated. The mother remained as a single centriole for approximately 9 h and then developed a new daughter (arrows in 09:54 and 10:42). (e) One of the two daughters in a triplosome was ablated (arrows in 00:00), converting this triplosome into a diplosome. The other daughter centriole (arrowhead) remained engaged with the mother for more than 24 h and the ablated daughter did not regenerate. Time stamps in h:min. Scale bars represent 1 μm. Same LUT as in Fig. 1 .
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formation of large PCM clouds, which also contained variable numbers of centrin-GFP aggregates embedded into a more diffuse centrin-GFP cloud (Fig. 4) . Two of the centrin-GFP aggregates were always significantly brighter than the others (Fig. 4c ). Same-cell correlative LM/EM analyses revealed that these two aggregates corresponded to mother centrioles. Many, but not all, of the dimmer aggregates represented centrioles at different levels of maturation. Often, these centrioles were short ( Supplementary Information, Fig. S7A ), although some could reach a length typical of a mature centriole ( Supplementary  Information Fig. S7B ). These short centrioles were not paired in the typical diplosome structures but were oriented randomly within the cloud of PCM. The total number of centrioles in pericentrin-overexpressing cells exceeded the number of centrioles that would be expected to arise through repetitive rounds of centriole reduplication ( Supplementary Information, Fig. S4 ). Several studies have shown that centriole assembly is driven by the activity of the polo-like kinase 4 (Plk4) and requires SAS-6, a protein that remains associated with the proximal end of the forming centriole 6 . In the typical diplosome, SAS-6 localizes near the wall of the mother centriole at its proximal end. However, we found that in triplosomes, localization of SAS-6 spots was more variable. Although SAS-6 spots always reside within the PCM, often they are not in the immediate vicinity of the mother centriole (Fig. 4d) . Separation between the SAS-6 spots and mother centrioles is more prominent within large centrosomes that form when pericentrin is overexpressed (Fig. 4d) .
Structural data suggest that daughter centrioles are not attached to the wall of their mother at the early stages of their formation. For example, procentrioles have been shown to be less stringently oriented with respect to their mothers than older (> 150 nm) daughters ( Supplementary  Information, Fig. S2 ; refs 11, 23) . Further, even for relatively large daughter centrioles, their radial orientation with respect to microtubule triplets in the mother is not fixed ( Supplementary Information, Fig. S8A ). In some of our ablation operations, the laser beam inadvertently damaged the wall of the mother centriole at the site of the original daughter. The new daughter formed at a different site, sometimes as distantly as on the opposite side of the mother ( Supplementary Information, Fig. S8B ), suggesting that centriole formation is not initiated at a particular fixed spot on the mother centriole.
Together, these data suggest that formation of daughter centrioles is initiated within the PCM cloud but not necessarily at the wall of the mother centriole. We propose that the role of the mother is not to provide a template for the assembly of daughter centrioles, but to organize and maintain a single compact cloud of PCM, thereby restricting the size of the environment where centriole assembly is promoted. In our view, centriole duplication and the de novo assembly pathways are based on the same mechanism. Indeed, recent data have revealed that de novo assembly requires the same molecular machinery as does centriole duplication 24, 25 . Our hypothesis can also explain why the de novo pathway is efficiently inhibited in the presence of mature centrioles 19, 26 : although small aggregates of PCM form continuously in the cytoplasm of centriolar cells, these aggregates are effectively transported to and incorporated into the existing centrosome 27 before they reach a size sufficient to initiate centriole assembly. In the absence of resident centrioles, the randomness of PCM aggregation within the cytoplasm has the effect that the number of centrioles becomes unpredictable and their formation requires more time 18, 19 . Centrin-GFP distribution in two cells that were analysed by serial-section EM (see Supplementary Information, Fig. S7 ). In the cell fixed 25 h after transfection, centrin-GFP distribution is generally diffused with two brighter and several dimmer discrete spots. The brighter spots (M1 and M2) correspond to full-length mother centrioles and five of the dimmer spots (D1-D5) correspond to short, randomly oriented daughter centrioles (see Supplementary  Information, Fig. S7A ). In the cell fixed 45 h after transfection, discrete centrin spots were more prominent. The two brightest spots (M1 and M2) correspond to mother centrioles and twelve of the dimmer spots (D1-D12) correspond to daughter centrioles (see Supplementary Information, Fig. S7B ). (d) Threedimensional organization of centrosomes with multiple daughter centrioles. The centrin spots corresponding to the distal ends of centrioles may reside within the γ-tubulin cloud or protrude outside. In contrast, the proximal ends of daughter centrioles (marked by SAS-6) consistently resided within the PCM, although they were not always in the proximity of the mother centriole. See Supplementary Information, Movies 9-11 for surface-rendered models of the centrosomes presented here.
MeTHOdS
Cell culture and drug treatments. The CHO K-1 cell line was obtained from the American Type Culture Collection (ATCC), and cells were cultured in F-12 medium (Gibco), supplemented with 10% fetal calf serum (FCS, Cellgro), 100 U of penicillin and 1 μg ml -1 streptomycin (Gibco). A lentivirus expression system (LentiLox3.7 vector, http://web.mit.edu/jacks-lab/protocols/pll37. htm) was used for stable expression of centrin-1-GFP in these cells. HeLa cells expressing centrin-1-GFP 17 were cultured in DMEM (Gibco), supplemented with 10% FCS, 100 U penicillin and 1 μg ml -1 streptomycin. Both cell lines were maintained in a humidified incubator at 37 °C in 5% CO 2 . Mitotic cells were collected by shake-off from untreated, asynchronous populations and were plated on glass coverslips in complete growth medium containing 2 mM hydroxyurea (Sigma). For microscopic analyses, coverslips with cells were mounted on Rose chambers in CO 2 -independent medium (Gibco) supplemented with 10% FCS, 100 U of penicillin, 1 μg ml -1 streptomycin, and 2 mM hydroxyurea. During long-duration experiments, Rose chambers were perfused once a day with fresh medium. Hydroxyurea was prepared by dilution of a 1 M stock solution in culture media.
Laser microsurgery and fluorescence microscopy imaging. Laser microsurgery was conducted on a custom-assembled microscopy workstation centred on a Nikon TE2000-E2 microscope (Nikon Instruments). A detailed layout of the system is presented elsewhere 28 . In brief, 532-nm, 8-ns laser pulses were generated by a Q-switched Nd:YAG laser (Diva II; Thales Lasers) run at 20 Hz repetition rate. The collimated laser beam was expanded to approximately 8 mm to fill the aperture of a ×100 1.4 NA PlanApo lens and was delivered through a dedicated epi-port. About 3-5 laser pulses (up to 0.5 sec) were required to destroy a centriole. After laser ablation of the centriole(s), the position of the experimental cell was marked with a diamond scribe and the cell was filmed as described previously 19 , except that fluorescence images were recorded in confocal mode (spinning-disk Yokogawa GSU-10 unit) on a back-illuminated EM CCD camera (Cascade512B, Photometrics). All fluorescence images are presented here as maximal-intensity projections of threedimensional (3D) data sets collected at 0.25-μm Z-steps. All light sources were shuttered by either fast mechanical shutters (Vincent Associates) or AOTF (Solamere Technology Group) so that cells were exposed to blue light only during image acquisition and/or laser operations. The system was driven by IPLab software (Scanalytics).
Because our ability to detect the initial stages of daughter centriole formation depended on the orientation of the diplosome ( Supplementary Information,  Fig. S4 ) we often collected several (3-7) Z-series of the same centrosome at each time point ( Supplementary Information, Fig. S4 ).
Centrin-GFP at the centriole is in continuous dynamic exchange with the cytoplasmic pool so that photobleached centrioles recover approximately 50% of their original intensity in 60 min 28 . Thus, a rapid reappearance of centrin-GFP signal at the location of an irradiated centriole can formally be due to fluorescence recovery after photobleaching. For this reason, in our experiments, we only followed those cells where re-appearance of centrin-GFP spots occurred after more than 1 h. This ensured that in all cases presented in the manuscript, centrioles were truly ablated. However, this also implies that we disregarded potential formation of daughter centrioles in less than 1 h.
Light/Electron microscopy (LM/EM) analysis. For comparative LM/EM
analysis, the cells were fixed in PBS containing 2.5% glutaraldehyde, directly in Rose chambers. Fluorescence images of centrioles were taken immediately before and immediately after fixation. Embedding and serial sectioning were performed according to established protocols 19 . Sections (80 nm) were examined in a Zeiss 910 microscope at 100 KV and were photographed on film. Film negatives were subsequently scanned and contrast-adjusted in Adobe PhotoShop CS (Adobe Systems).
Pericentrin overexpression. HA-labelled, full-length mouse pericentrin 29 was kindly provided by Stephen Doxsey (University of Massachusetts Medical School, Worcester, MA). CHO cells synchronized and treated with 2 mM hydroxyurea, as described above, were transfected 6 h after mitotic shake-off. Transfections (3 μg of DNA per 5-cm culture dish) were carried out with Lipofectamine Plus (Invitrogen) according to the manufacturer's instructions.
Immunostaining. Cells were fixed in 2% formaldehyde for 10 min at room temperature and post-fixed with cold methanol for 2 min (for double γ-tubulin/HA staining) or in cold methanol for 7 min (for double Sas-6/γ-tubulin staining). γ-tubulin was visualized using rabbit (C-20, Santa Cruz) or mouse (GTU-88, Sigma) antibodies. Anti-HA antibodies (HA12CA5) were used for detection of pericentrin-HA fusion protein. Anti-SAS-6 antibody 30 was kindly provided by Pierre Gönczy (Swiss Institute for Experimental Cancer Research, Lausanne, Switzerland).
Three-dimensional datasets of fixed cells were collected on a DeltaVision workstation and were deconvolved using SoftWorX 2.1 software (Applied Precision). Surface-rendered models of centrosomes presented in Supplementary Information, Movies 9-12 were computed using Amira 3.1 software (Mercury Computer Systems). Isosurface of γ-tubulin distribution represents 25% of the maximal intensity.
Note: Supplementary Information is available on the Nature Cell Biology website.
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Published online at http://www.nature.com/naturecellbiology/ reprints and permissions information is available online at http://npg.nature.com/ reprintsandpermissions/ s u p p l e m e n ta r y i n f o r m at i o n www.nature.com/naturecellbiology Figure S1 . Centrin-GFP is a reliable live-cell marker of centriole replication. (A) Typical centrosome in a HeLa cell during G 1 . In the live cell both centrioles appear as round spots of centrin-GFP. One of the spots is consistently brighter than the other ("GFP-live" frame). Fixation with 2.5% glutaraldehyde results in only minor degradation of the image which occurs primarily due to the increase in non-specific green fluorescence in the cytoplasm (an effect which decreases the signal-to-noise ratio). However, it was not unusual for the centrioles to slightly change their orientation during the time necessary for fixation (cf. "GFP-live" and "GFP-fixed" frames). This change is likely due to the high mobility of centrioles in the cytoplasm. Both GFP images are maximal-intensity projections of a Z-series through the entire centrosome (200-nm steps). Serial-section EM analysis of the same cell revealed that the brighter centrin-GFP spot corresponded to the mother centriole (arrow in each frame) as evidenced by the fact that this centriole bears sub-distal appendages (labelled SDA in "sect.13" frame). The dimmer centrin-GFP spot corresponds to the daughter centriole (arrowhead in each frame). (B) Changes in the appearance of centrin-GFP spots during centriole replication. Maximal intensity projections of GFP-fluorescence series (200-nm steps) recorded immediately after fixation are shown in the top frame of each pair while the bottom frame presents a single EM section (80-nm) selected from the complete series through the same centrosome. Cells with the minimal distortion of the centrin-GFP spots contained 50-70-nm "procentrioles"; these appear as electron-dense material lacking developed microtubule triplets (arrow in lower "9 hr" frame). Daughter centrioles as small as ~150 nm create a prominent distortion of the centrin-GFP spot (arrow in lower "10 hr" frame). At later stages, centrin-GFP distortions become even more pronounced as daughter centrioles elongate (arrow in lower "15 hr" frame). Finally, the centrin-GFP spots become resolvable when daughter centrioles reach lengths of >250 nm (arrow in lower "40 hr" frame). The time shown on each frame reflects when each individual cell was fixed (after mitotic shake-off). objectives. However, the distance between the distal part of the mother centriole and a newly-formed daughter is at or below the resolution limit of LM. Thus, visual doubling of centrin-GFP spots that occurs only after the daughter centriole reaches a certain length cannot be considered a reliable criterion for the initial stages of daughter centriole formation. In fact, in HeLa cells centrin-labelled centrioles become visually doubled ~5 hrs before the cell enters mitosis which corresponds to late S or G2 (Video S1). However, it is well established that centriole duplication occurs at G1/S transition 4 .
While evaluating long-duration time-lapse movies of HeLa cells that express centrin-GFP, we noticed a subtle but reproducible difference in the appearance of individual centrin-GFP spots, a difference that occurs several hours before the spots become visually doubled. Shortly after mitosis (in G 1 ), each centrin spot appears as a typical point-spread function, which is consistent with the small size of the centriole (Fig.S1A) . Then, approximately 8 hr after mitosis, centrin spots become asymmetric, developing a "shadow" 2 on one side. Same-cell correlative LM / serial-section electron microscopy (EM) analyses demonstrate that these shadows correspond to procentrioles situated next to the mother centriole (Fig. S1B) . In fact, we find that procentrioles as short as ~150 nm can be reproducibly detected in live cells via such a distortion of the centrin-GFP spot (Fig.S1B) . As the length of the daughter centriole increases, the distortion becomes more pronounced;
finally, the mother and daughter centrioles can be seen as two adjacent centrin spots when the length of the daughter exceeds 250 nm (13 cells analyzed). Thus, centrin-GFP is a reliable marker for centriole duplication.
In the classical diplosome the daughter centriole is oriented orthogonal to the mother and is situated near the mother's proximal end 5 . However, in 3 of 12 centrosomes (in 6 cells) we found short procentrioles that were not oriented orthogonal to the mother (Fig.   S2 ). Further, in one centrosome the procentriole was found near the end of the mother that bears distal appendages. Longer daughter centrioles (>200 nm) were at their expected positions and were properly oriented, in all examined cells (Fig. S1B) . Although the low sample size of our EM reconstructions is a limitation, these findings are compatible with the idea that the rigid organization of the diplosome is established only after the procentriole is formed and reaches a certain length. It is noteworthy that the lower stringency of the orientation of procentrioles relative to the longer daughter centrioles has been described in the literature (see Fig.1 in ref. 
II. Dynamics of centriole duplication in HeLa and CHO cells treated with 2-mM hydroxyurea.
It has been demonstrated that HeLa cells posses a stringent mechanism that prevents centriole reduplication even when these cells are arrested during S phase 8 . We 4 ( Fig. 2) . In some cases, daughter centrioles did not replicate until the second re-duplication of the mother within the same cell.
As evident from Videos S1 and S2, it was difficult to detect the exact moment of centriole duplication in the continuous long-term movies that had to be recorded at extremely low excitation light levels to avoid potential photo-damage to the cells. To circumvent this problem we developed a strategy where cells were followed at low temporal resolution and then shorter, high temporal-resolution time-lapse movies were recorded at times when centrioles were expected to duplicate (Video S3).
It has been suggested that the initial "seeds" of new centrioles can form in the cytoplasm and then become attached to the mother centriole 11, 12 . In fact, formation of numerous small aggregates of centrin-GFP can often be observed in cells during S phase.
However, these aggregates usually form during late S period when centrioles are already duplicated (video S1). We also observed accumulation of small centrin aggregates in some CHO cells after prolonged exposure to hydroxyurea. These aggregates were not associated with other centrosomal components, such as γ-tubulin, however. EM microscopy revealed that the aggregates did not correspond to morphologically recognizable centrioles (not shown). We also noticed that extensive accumulation of centrin aggregates in HU-treated CHO cells occurred more often when cells were stressed, for example, in overly confluent cultures or when cells were kept in the same culture media for several days (not shown).
Further, centriole reduplication occurred with similar dynamics in cells that contained numerous small centrin dots and in cells that completely lacked them. In every instance where we were able to record the exact moment of centriole duplication we did not detect incorporation of external centrin-GFP dots into the centrosome. Instead, the replicating centrioles developed a small centrin shadow that gradually transformed into a larger daughter centriole (Video S3). Thus, it is unlikely that accumulation of centrin-GFP aggregates in the cytoplasm reflects activation of centriole de novo assembly pathway in Sphase arrested CHO cells 12 .
Intriguingly, 5-10% of reduplicating centrioles simultaneously developed two daughters, thereby forming "triplosomes" (Figs. 2, S3B ). This configuration was observed only for mother centrioles during their second and third rounds of duplication (28-60 hr after mitosis) and never in the first round. Triplosomes could be formed by both mothers (Video S4) or by just one of the two mothers present in the cell (Fig.2, Video S5) . Occasionally, more than two daughter centrioles assembled in association with a single mother (Fig. S5 ).
Multiple daughters were usually arranged in a 'flower petal' configuration forming centriolar 'rosettes'. This configuration has been previously described in cells expressing Plk4 13 or
Sas-6 14, 15 . It is noteworthy, that the 3-D distribution of centrin-GFP within centriolar rosettes revealed that the daughters are positioned at different heights along the length of the mother centriole (Fig. S5) .
Thus, centrioles in CHO cells arrested in S progress through repetitive replication and disengagement, although these cycles are often longer that the duration of a normal cell cycle in the untreated CHO cells. Furthermore, while the first centriole duplication, upon cell's entry into S phase, is highly synchronous, consecutive rounds become progressively asynchronous indicating that duplication of individual centrioles is regulated by factors intrinsic to the individual centrosome rather than by global mechanisms acting on the whole cell.
